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Acetyl-CoA carboxylase (ACCase) is the biotin-containing enzyme that catalyzes the 
first, rate-limiting reaction of fatty acid synthesis: namely carboxylation of acetyl-CoA to form 
raalonyl-CoA. The carboxylation of acetyl-CoA occurs in two half-reactions: [1] the 
carboxylation of the enzyme-bound biotin prosthetic group, and [2] transfer of the carboxyl 
group to acetyl-CoA to form malonyl-CoA. These two reactions are catalyzed by the biotin 
carboxylase and carboxyltransferase enzymes respectively. In addition to its role as the C2 unit 
in fatty acid synthesis (FAS), malonyl-CoA, serves as the substrate for the synthesis of 
cuticular waxes (Kolatukkudy et al., 1976), flavonoids and anthocyanins (Hahlbrock, 1981), 
stilbenoids (Gorham, 1980), anthroquinones (Packter, 1980), malonyl amino cyclopropane-1-
carboxylic acid (Amrhein and Kionka, 1983), and free malonic acid (Stumpf and Burns, 
1981). Due to the importance of the reaction catalyzed by ACCase, this enzyme has been 
studied in detail from many organisms. 
Structures of the acetyl-CoA carboxylases in non-plant species 
There are several structural differences between ACCases from different sources. For 
example, the enzyme in bacteria including Escherichia, coli and Bacillus, subtilis is composed 
of three separable subunits: biodn carboxy-carrier (BCCP), biotin carboxylase and 
carboxyltransferase (Cronan, 1992). However, in yeast (Hasslacher et al, 1978), Ustilago 
(Bailey etal, 1995), animal (Lopez-Casillas et al, 1988), human (Ha et al, 1994), these three 
functional domains are physically inseparable in that they are translated as a single species of 
protein. Although there is a single species of ACCase in human, two forms of mRNA species 
with different 5'-untranslated region have been shown to be transcribed in a tissue-specific 
manner (Ha et al, 1994). In the nematode Turbatrix aceti (Meyer et al., 1978) and in 
Streptomyces erythreus (Hunaiti and Kolattukudy, 1982), the structure of ACCase can be 
classified as an intermediate form, in that both the biotin carboxylase and biodn carboxy-carrier 
function is on a single polypeptide whereas the carboxytransferase function resides on a 
separate polypeptide (figure 1). 
Structure of acetyl-CoA carboxylase in plants: Cytosolic and Chloroplastic forms 
Despite the extensive investigations of purified plant ACCases from wheat, rape, maize 
barley and a number of other plant sources (Kannangara and Jensen, 1975; Nikolau and 
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Hawke, 1984; Egli et al., 1993; Alban., 1994; Slabas et al., 1994), the subunit molecular 
weights and its arrangements have been confusing. ACCases have been isolated with 
biotinylated subunits reported as ranging from 20 to 240 kDa (Sturapf, 1987 and Harwood, 
1988). Genes and cDNAs that code for a 240 kDa horaomeric ACCase have been cloned and 
sequenced (Elborough et al., 1994; Yanai et al., 1994; Egli et al., 1995). These plant 
horaomeric ACCases are very similar in sequence to those of animals and yeast (40-50% 
identical and 60-70% similar) and the domain organization of plant horaomeric ACCases is 
identical to those of animal and yeast ACCases (figure 1). The fact that plant tissues have up to 
six biodn-containing polypeptides on a streptavidin-probed western blot led to the proposal that 
plants might have isozymes of ACCase to meet the multiple needs of different metabolic 
pathways for malonyl-CoA in different cellular compartments (Nikolau et al., 1984 a and b). 
Sasaki et al. (1993) has clearly shown that one pea chloroplast gene (accD) codes for a subunit 
of the chloroplastic ACCase. Soon after, the genes for chloroplastic BCCP (Choi et al., 1995) 
and BC (Shorrosh et al., 1995) have been cloned and sequenced. In Gramineae, in which the 
accD gene is lacking, there appears to be two horaomeric ACCase isoenzymes, one occuring in 
chloroplast and the other probably in the cytosol. In non-Graminae that have been examined, 
there appear to be two structurally distinct types of isozymes, a homoraeric ACCase in the 
cytosol, and a heteroraeric, prokaryodc-like ACCase in the chloroplast (Sasaki et al., 1996). 
Regulation of acetyl-CoA carboxylase and fatty acid biosynthesis in non-plant species 
In bacteria, such as E. coli, fatty acid biosynthesis is closely coupled to growth of the 
cells, as fatty acids are mainly utilized for the synthesis of membrane lipids (Li and Cronan, 
1993). ACCase activity can be controlled by the aUosteric effectors nucleotide ppGpp, the 
product of the relaxed (re/) locus (Polaski et al., 1973). In addition, transcription of the genes 
coding for ACCase (accA, accBC and accD) is coupled to cellular growth (Li and Cronan, 
1993). Thus, fatty acid synthesis can be controlled by changes in ACCase activity due to both 
allosteric effectors of the enzyme and transcriptional regulation of the genes encoding the 
enzyme. 
In yeasts, ACCase is an essential enzyme since spores containing a disrupted accl allele 
failed to enter vegetative growth, despite the fatty acid supplementation, suggesting that 
ACCase activity is critical for a process other than de novo fatty acid syntiiesis. The 
transcription of ACCl gene is repressed by lipid precursors, inositol and choline, and also can 
be controlled by regulatory factors Ino2p, Ino4p and Opi Ip (Hasslacher et al., 1993). 
BCCP BCCP 
Heteromeric-Dissociable 
Bacteria, Chloroplasts of some plants 
Heteromeric-Nondissociable 
Nematode, Tiirbatrix aceti 
Streptomyces spp. 
Homomeric-ACCase 
Cytosol of animals, yeast, plants, 
Plastids of Graminae plant 
Figure 1: 3 Structural types of acetyl-CoA carboxylases 
4 
Recently, the consensus sequence (5' -CATGTGAAAT- 3') on the promoters of phospholipid 
biosynthetic enzymes was found to be responsible for inositol-choline mediated regulation of 
phospholipid biosynthesis (Bachhawat et al., 1995). 
In animals, the activity of ACCase is precisely controlled by both covalent modification 
of the protein and allosteric effectors like citrate, glucose and fatty acyl-CoAs. On the other 
hand, the cellular level of ACCase is regulated primarily at the transcriptional level (Wakil et 
al., 1983; Park and Kim, 1991; Brun et al., 1993; Kim, 1994). In many instances, both long-
and short-term controlling mechanisms are regulated coordinately by hormonal effects which 
alter fatty acid biosynthesis by modulating ACCase activity (Girard et al., 1994). 
Regulation of acetyl-CoA carboxylase and fatty acid biosynthesis in plants 
Although the plastidic ACCase has been shown to be the regulatoty enzyme for the 
fatty acid synthesis in several plants (Harwood, 1988; Postbeittenmiller et al., 1992), there is 
limited information available about the spatial and temporal expression of the genes coding for 
this enzyme. There have been a few reports about the possible relationship between light and 
ACCase activity in light-incubated pea chloroplast whose activity is 2-4 fold higher than that of 
dark-kept chloroplast However, whether ACCase activity can be modulated by changes in 
gene expression in response to light conditions is still unknown. Because the molecular nature 
of the plastidic ACCase has only recently been elucidated, little is known about how this 
enzyme is regulated. 
Dissertation Organization 
This dissertation describes the molecular characterization of a chloroplastic acetyl-CoA 
carboxylase in Arabidopsis thaliam and consists of three manuscripts. The first chapter 
includes the molecular cloning of the cDNA coding for a subunit of the chloroplastic ACCase, 
the 37 kDa biotin-carrier subunit This research was published in Plant Physiology (Choi, J.-
K., Yu, F., Wurtele, E.S. and Nikolau, B.J. Plant Physiology (1995) 109; 619-625). The 
second chapter describes the molecular cloning of the gene, CACl that codes for the 37 kDa 
biotin-carrier subunit and in situ characterization of its expression. This work has been 
accepted for publication in the journal Plant Physiology and I have a shared co-first authorship 
with Jinshan Ke. In this paper, the cloning, sequencing of the CACl gene and the analysis of 
the putative promoter region for the conserved sequence elements are my contributions. 
Following chapter 2 is a summary and general conclusions and a list of literature cited in the 
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general introduction follows after the appendix. In the appendix, the distributions of both 
heteromeric and homoraeric acetyl-CoA carboxylase were determined between the epidermal 
and mesophyll tissues of leek leaves. The manuscript in the appendix was written by James J. 
Caffrey and has been submitted to Journal of Plant Physiology. The immunological and accD 
gene data in this appendix are my contributions. 
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CHAPTER 1: MOLECULAR CLONING AND CHARACTERIZATION OF THE 
cDNA CODING FOR THE BIOTIN-CONTAINING SUBUNIT OF THE 
CHLOROPLASTIC ACETYL-CoA CARBOXYLASE" 
A paper published in Plant Physiology^ 
Joong-Kook Choi', Fei Yu", Eve Syrkin Wurtele\ and Basil J. Nikolau^* 
ABSTRACT 
We report the molecular cloning and sequence of the cDNA coding for the biotin-
containing subunit of the chloroplastic acetyl-CoA carboxylase of Arabidopsis thaliana 
{CACl). The 3'-end of the CACl sequence, coding for a peptide of 94 amino acids, which 
includes a putative biotinylation motif, was expressed in Escherichia coli as a glutathione-S-
transferase fusion protein. The resulting glutathione-S-transferase-CACl fusion protein was 
biotinylated in vivo, indicating that CACl codes for a biotin-containing protein. Antibodies 
generated to the glutathione-S-transferase-CACl protein reacted solely with the 38-kDa biotin-
containing polypeptide of Arabidopsis. Furthermore, these antibodies inhibited acetyl-CoA 
carboxylase activity in extracts from Arabidopsis leaves. The deduced amino acid sequence of 
CACl has an apparent N-tenninal chloroplast-targeting transit peptide. The CACl protein is 
coded by a single Arabidopsis gene and its mRNA accumulates to highest levels in organs that 
are undergoing rapid growth. The amino acid sequence of the CACl protein is most similar to 
the biotin carboxyl-carrier protein component of eubacterial acetyl-CoA carboxylases. These 
characterizations identify CACl as the biotin-containing subunit of the plastidic, heteromeric 
acetyl-CoA carboxylase of Arabidopsis. The results support the ancient origin of the two 
structurally distinct acetyl-CoA carboxylases of plants. 
-J- This work was supported in part by a grant from the Iowa Soybean Promotion Board. This 
is Journal Paper No. J-16304 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa; Projects No. 2997 and 2913. 
tf Reprinted with the permission from Plant Physiology. 1995. 109: 619-625. 
*Corresponding author; fax 1-515-294-0453 
1 Department of Zoology and Genetics 
2 Department of Botany (^, ESW) 
3 Department of Biochemistry and Biophysics 
* Corresponding Author 
Iowa State University, Ames, lA 50011. 
Abbreviations: ACCase, acetyl-CoA carboxylase; BCC, biotin carboxyl-carrier 
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INTRODUCTION 
ACCase [acetyl-CoAxarbon dioxide iigase (ADP-forming), EC 6A 1.2] is a biotin-
containing enzyme that catalyzes the ATP-dependent carboxylation of acetyl-CoA to form 
raalonyl-CoA. This is the first-committed reaction of de novo fatty acid biosynthesis, and is a 
major determinant of the flux dirough that pathway (Vagelos, 1971; Lane et aL, 1974; Wakil et 
al., 1983). Three structurally distinct forms of ACCase have been characterized. A 
heteromeric ACCase has been described from Escherichia coli (Guchhaitet al., 1974; Kondo et 
al., 1991; Li and Cronan, 1992a; 1992b). This enzyme readily dissociates into three 
components: biotin carboxylase (product of the accC gene), which carboxylates the protein-
bound biotin prosthetic group; BCC protein (the product of the accB gene) to which biotin is 
covalently bound; and carboxyltransferase (the product of the accA and accD genes), which 
transfers the carboxyl group from carboxybiotin to acetyl-CoA. A nondissociable homomeric 
ACCase with a biotin-containing subunit of between 220 kDa and 260 kDa is present in the 
cytoplasm of eukaryotic organisms including yeasts (Hapiacher et al., 1993; Walid et al., 
1992), animals (Lopez-Casillas et al., 1988; Takai et al., 1988), Cycbtella (Roessler and 
Ohlrogge, 1993), and plants (Gomicki et al., 1994; Roesler et al., 1994; Shorrosh et al., 1994; 
Schulte et al., 1994; Yanai et al., 1995). This single subunit contains domains corresponding 
in sequence to the biotin carboxylase, BCC, and carboxyltransferase components of the E. coli 
ACCase. A third form of ACCase has been identified in the bacterium Streptomyces 
aeruginosa (Hunaiti and Kolattukudy, 1982) and in the nematode Tubatrix aceti (Meyer et al., 
1978). This ACCase is nondissociable, and is composed of two types of subunits, one of 
which contains biotin. The organization of this enzyme is probably analogous to that of two 
other biotin-containing enzymes, propionyl-CoA carboxylase (Lamhonwah et al., 1986) and 
methylcrotonyl-Co A carboxylase (Song et al., 1994; Wang et al., 1994). In these enzymes, 
the biotin-containing subunit has the biotin carboxylase and BCC domains, whereas the 
nonbiotinylated subunit contains the carboxyltransferase domain. 
Most organisms utilize malonyl-CoA solely for fatty acid biosynthesis, which occurs in 
the cytosol of fungal and animal cells (Vagelos, 1971; Lane et al., 1974; Wakil et al., 1983). 
In conttast, plants utilize malonyl-CoA not only for fatty acid biosynthesis, but also for the 
synthesis of a variety of polyketides and derivatives (flavonoids, stilbenoids, anthroquinones, 
etc.), and for the malonylation of a number of phytochemicals (Conn, 1981; Nikolau, et al., 
1984). Furthermore, in plants it is these latter reactions that occur in the cytosol (Conn, 1981), 
whereas de novo fatty acid biosynthesis is compartmentalized in the plastids (Ohlrogge et al., 
1979). These factors led to the hypothesis that at least two isozymes of ACCase are present in 
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plants, one in the cytosol and one in the plasdds, providing plant cells with the ability to 
generate raalonyl-CoA independendy in each of diese subcellular compartments (Pollard and 
Sturapf, 1980; Nikolau et al., 1984; 1993). Recendy, a dissociable, heteroraeric ACCase has 
been identified in isolated chloroplasts of pea leaves (Sasaki et al., 1993; Konishi and Sasaki, 
1994; Alban et al., 1994). Although the quaternary structure of this ACCase is not yet fully 
understood, it appears to be composed of at least two subunits, a chloroplast encoded protein 
similar in sequence to the accD gene of E. coli (Li and Cronan, 1992c), and a biotin-containing 
subunit of about 37 kDa. This manuscript reports the isoladon and characterizadon of a full-
length cDNA coding for the biotin-containing subunit of die heteroraeric, chloroplastic ACCase 
{CACl) of Arabidopsis thaliana. 
MATERIALS AND METHODS 
Materials. Seeds of A. thaliana (L.) Heynh., ecotype Columbia, were germinated in sterile 
soil and plants were grown in a growth room maintained at 25°C, with a 15-h-day period. A 
cDNA library in the vector lambda gtlO, prepared from poly A RNA isolated from developing 
siliques of Arabidopsis^ was a gift from Dr. David W. Meinke (Oklahoma State University, 
Stillwater). The cDNA clone VCVDEll (Newman et al., 1994) was obtained from the 
Arabidopsis Biological Resource Center (Ohio State University, Columbus). pGEX-4T-3 was 
obtained from Pharmacia. 
Isolation and Characterization of Macromoiecules. Nucleic acids were isolated, 
analyzed, and manipulated with modifying enzymes, by standard techniques (Sarabrook et al., 
1989). DNA sequencing was done on double-stranded DNA templates using an ABI 373A 
DNA Sequencer. Both strands of all DNA fragments were each sequenced at least three times. 
Inducdon of the expression of die pGEX-4T-3-derived plasmids with IPTG, and agarose-
glutathione affinity purificadon of the fusion protein were as described by the manufacturer. 
Protein extracts were prepared from Arabidopsis leaves and passed through Sephadex G25 to 
remove low molecular weight compounds as previously described (Nikolau et al., 1984). 
Activities of biotin-containing enzymes were determined as die substrate-dependent conversion 
of radioactivity from NaH^'^COs into an acid-stable product (Wurtele and Nikolau, 1990). 
Immunological Methods. Antiserum was generated by immunizing a rabbit with purified 
protein emulsified widi Freund's Complete Adjuvant. Emulsion containing approximately 300 
jig of protein was injected intraderraally at multiple sites on the back of a New Zealand White 
female rabbiL A mondi after the initial immunization, and at 2-week intervals thereafter, the 
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rabbit was challenged with muscular injecdons of 150-200 jig of protein emulsified in 
Freund's Incomplete Adjuvant One week after each injection, 2-3 ml of blood was withdrawn 
from the ear of each rabbit. The blood was allowed to coagulate, and the serum collected. 
Immunological detection of proteins and detection of protein-bound biotin was undertaken by 
Western analysis of protein extracts (Kyhse-Andersen, 1984). Antigen-antibody complexes 
and protein-bound biotin were detected with '^sj.protein A and i25i_sireptavidin (Nikolau et 
al., 1985), respectively. 
RESULTS 
The Arabidopsis cDNA CACl codes for a biotin-containing protein. 
Biotin is covalentiy bound to enzymes via an amide linkage to the e-amino group of a 
lys residue. This unique lysine residue is embedded in the sequence motif (val/Ue/glu)-
Geu/ile/val)-(glu/ser)-(ala/val)-met-lys-(met/leu/ala) (Samols et al., 1988, and subsequent 
publications). The Arabidopsis partial cDNA clone, VCVDEl 1, codes for a peptide that 
contains the motif, "ile-val-glu-ala-met-lys-leu-met", and shows sequence similarity to the 
BCC component of the E. coli ACCase G-i and Cronan, 1992a; 1992b). To obtain a full-
length cDNA clone we screened a cDNA library made from mRNA isolated from developing 
siliques of Arabidopsis. Probing of approximately 200,000 recombinant bacteriophage from 
this library with the VCVDEl 1 cDNA resulted in the isolation of 4 independent clones. These 
clones could be divided into three classes distinguishable by the length of the cDNA inserts. 
The longest of these, which we call CACl, was approximately l.l-kb in length, which latter 
analysis showed was nearly-full length. 
To ascertain whether the CACl cDNA codes for a biotin-containing protein and to 
identify that protein, we expressed a portion of the clone in E. coli. The 319-bp 3'-end 
fragment of the CACl cDNA, which contains the putative biotinylation site, was cloned into 
the Xhol and Natl sites of tiie GST expression vector pGEX-4T-3 (Smith and Johnson, 
1989). In the resulting plasmid, pGC, the CACl sequence was in-frame with the GST gene 
sequence (Fig. 1 A). pGC was transformed into the E. coU host XLl Blue and expression of 
the chimeric GST-CACl gene was induced with IPTG. Protein extracts from the host were 
analyzed by SDS-PAGE and Western blot analysis. Coomassie Brilliant Blue stained gels 
showed that the host containing pGC accumulates a novel polypeptide of 40 kDa (Fig. IB), 
which is 14 kDa larger than the GST protein detected in extracts from cultures harboring the 
nonrecombinant pGEX-4T-3 vector. The difference in the molecular weights between these 
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two polypeptides is consistent with the addition of 94 amino acid residues from CACl that 
were fused to the 26-kDa GST polypeptide. Western blot analysis with I25i_streptavidin of the 
same protein extracts identified two prominent biotin-containing polypeptides (Fig. IC). The 
BCC component of the E. coli ACCase (the 22-kDa biotin-containing polypeptide) was present 
in all extracts. The novel, prominent biotin-containing polypeptide present only in induced 
cells harboring pGC corresponded in size to the GST-CACl fusion protein. These data 
indicate that the expressed GST-CACl fusion protein was biotinylated in E. coli, directly 
demonstrating that CACl codes for a biotin-containing polypeptide. 
CACl codes for the biotin-containing subunit of an ACCase. 
The 40-kDa, biotin-containing polypeptide expressed from pGC was purified by 
affinity chromatography with an agarose-glutathione column. The purified protein (Fig. ID) 
was used to immunize a rabbit. The resulting antiserum (anti-CACl serum) was used to 
identify the Arabidopsis polypeptide coded by the CACl cDNA. Arabidopsis leaf extracts were 
subjected to SDS-PAGE and western blot analyses. Probing of such blots with 
streptavidin, identified three biotin-containing polypeptides of 240-kDa, 78-kDa and 38-kDa 
(Fig. 2A, lane 1). The 240-kDa polypeptide is the subunit of the cytosolic, homomeric 
isozyme of ACCase (Roesler et al., 1994; Yanaietal.. 1995), and the 78-kDa polypeptide is a 
subunit of methylcrotonyl-CoA carboxylase (Weaver, et al., 1995). The 38-kDa biotin-
containing protein probably represents a subunit of the chloroplastic, heteromeric isozyme of 
ACCase (Sasaki et al., 1993; Konishi and Sasaki, 1994; Alban et al., 1994). The anti-CACl 
serum reacted solely with a 38-kDa polypeptide (Fig. 2A, lane 2). This immunologically 
detectable polypeptide was shown to be biotin-containing as it was specifically retained by an 
agarose-avidin column (Fig. 2A, lanes 3 and 4). 
The identity of the 38-kDa biotin-containing subunit as a subunit of an ACCase was 
confirmed by determining the effect of the anti-CACl serum on ACCase activity in leaf 
extracts. In these experiments, increasing amounts of either preimmune control serum or anti-
CACl serum were added to equal aliquots of an Arabidopsis leaf extract After a 1-h 
incubation on ice, the aliquots were assayed for activities of the biotin enzymes that we knew to 
be present in the extract; ACCase, and raethylcrotonyl-CoA carboxylase (Fig. 2B). Increasing 
amounts of preimmune serum had little effect on either of these two biotin-containing enzymes. 
Increasing amounts of anti-CACl serum had little effect on raethylcrotonyl-CoA carboxylase 
activity, but this serum specifically inhibited ACCase activity. The portion of the ACCase 
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activity that was not inhibited by anti-CACl serum (25-35%) represents the activity catalyzed 
by the structurally and immunologically distinct homoraeric ACCase isozyme. These data 
indicate that the CACl cDNA codes for the 38-kDa biodn-containing subunit of the heteromeric 
ACCase. 
Characterization of the gene and raRNA coding for the biotin-containing subunit of the 
heteroraeric ACCase. 
Isolated Arabidopsis DNA was digested with a variety of resdcdon enzymes, and 
following fracdonauon by electrophoresis was subjected to Southern blot analysis using the 
CACl clone as a probe. In each digest a single predominant hybridizing band was detected 
(Fig. 3A), which indicates that the 38-kDa biotin-containing subunit of the heteromeric 
ACCase is probably coded by a single nuclear gene. 
The mRNA coding for the biotin-containing subunit of the heteromeric ACCase was 
detected on Northern blots of RNA isolated from organs of Arabidopsis. These analyses 
revealed a single mRNA species with a length of about 1.1-kb, indicating that the CACl cDNA 
is near-full length (Fig. 3B). The CACl mRNA accumulates to higher levels in organs that 
would be expected to be actively synthesi2ting fatty acids. Namely, die highest level of the 
CACl mRNA was detected in expanding young leaves of 16-day old plants (lane 1), followed 
by bolting shoots of 45-day old plants (lane 3). Both these organs would be synthesizing fatty 
acids for the deposition of membrane lipids needed for growth. In contrast, the CACl mRNA 
was undetectable in fully expanded leaves of 40-day old plants Oane 2). These older leaves 
probably have slower rates of de novo fatty acid biosynthesis. 
Amino acid sequence of the 38-kDa biotin-containing subunit of the heteromeric ACCase. 
The complete amino acid sequence of the biotin-containing subunit of the heteromeric 
ACCase was deduced from the nucleotide sequence of the CACl cDNA. The first 50 
nucleotides at the 5'-end of die cDNA contain stop codons in all three translational reading 
frames. Beginning at position 56 of the nucleotide sequence is an "atg" codon, which initiates 
the longest open reading frame present on diis cDNA. This open reading frame translates into 
a polypeptide of 285 amino acid residues and contains the biotinylation motif "ile-val-glu-ala-
met-lys-leu-met", which is present 41 residues upstream of the stop codon. 
Beginning at about position 110, until its carboxyl-end, the CACl sequence shows 
similarity to tiie BCC proteins of eubacterial ACCases (Fig. 4). Upstream of tiiis similarity the 
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amino acid sequence of the CACl protein has the characteristics of a chloroplast targeting 
transit peptide (Keegstra et al., 1989). Namely, the initial 79 amino acids are rich in 
hydoxylated residues (23 ser and thr residues), and in small hydrophobic residues such as ala 
and val (22 in total). Furthermore, this putative chloroplast transit peptide has an overall 
positive charge, as it lacks any negatively charged residues but contains 12 arg and lys 
residues. Without the direct determination of the amino acid sequence at the N-terrainus of the 
mature CACl protein, it is difficult to predict the junction between the transit peptide and the 
mature protein (Heijne, 1992). However, a transit pepdde of between 80 and 100 residues is 
within the range of sizes of chloroplast-targeting pepddes (Keegstra et al., 1989). 
The CACl cDNA sequence codes for a protein that has a predicted molecular weight of 
30,077. Assuming the chloroplast transit peptide consists of the N-terminal 80 amino acids, 
the mature CACl protein would have a predicted molecular mass of about 21 kDa. However, 
on SDS-PAGE this protein migrates with an apparent molecular mass of 38.3 ± 0.8 kDa 
(average of four determinations). The anomaly between the predicted and observed molecular 
masses is analogous to that of the BCC protein of E. coli (Li and Cronan, 1992a), and is 
probably due to the high abundance of ala and pro residues present in these proteins (Easom et 
al., 1989; Radford et al., 1989). 
The deduced amino acid sequence of the CACl protein shows similarity to other biodn-
containing enzymes (Fig. 4). This similarity is centered on the sequence surrounding the lys 
residue that is biotinylated. The CACl protein is most similar to the BCC components of 
ACCases from Anabaena (35% identical) (Gomicki et al., 1993), Pseudomonas aeruginosa 
(40% identical) (Best and Knauf, 1993), E. coli (42% identical) (Li and Cronan, 1992a), and 
Saccaropolyspora hirsuta (33% identical) (Gouill et al., 1993). Similarity to the homoraeric 
ACCases is very low. The BCC domain of the 240-kDa ACCase of Arabidopsis (Roesler et 
al., 1994; Yanai et al., 1995) is only 18% identical in sequence to tiae CACl protein. (The 
sequences of yeast (Haplacher et al., 1993; Walid et al., 1992), Cyclotella (Roessler and 
Ohlrogge, 1993), and animal (Lopez-Casillas et al., 1988; Takai et al., 1988) ACCases are 
even more different from CACl). Indeed, tiie CACl sequence is more homologous to otiier 
biotin-containing enzymes from prokaryotic and eukaryotic organisms than to homoraeric 
ACCases from eukaryotes (Hg. 4). For example, CACl is 25% identical to transcarboxylase 
from Propionibacterium freundereichii (Maloy et al., 1979) and 29% identical to the a subunit 
of oxaloacetate decarboxylase from Klebsiella pneumoniae (Schwarz et aL, 1988). 
13 
DISCUSSION 
We have isolated a cDNA clone coding for the 38-kDa biotin-containing subunit of the 
chloroplastic, heteroraeric ACCase of A. thaliana. This nuclear encoded subunit is similar in 
sequence to the BCC component of eubacterial ACCases. The complete subunit composition 
of the chloroplastic, heteroraeric ACCase is as yet undefined. The CACl subunit is one of two 
known subunits of the chloroplastic ACCase, the other being the chloroplast-encoded accD 
protein (Sasaki et al., 1993), which probably is a subunit of the carboxyltransferase 
component If the chloroplastic ACCase has a quaternary structure identical to the eubacterial 
ACCase, the chloroplastic carboxyltransferase component may have an additional, as yet 
unidentified subunit (equivalent to the E. coli accA; Li and Cronan, 1992b). Furthermore, 
because the sequences of the subunits available to date do not appear to contain a biotin 
carboxylase domain, we predict that the chloroplastic ACCase contains an additional 
component that catalyses the biotin carboxylase reaction. 
The regulation of the chloroplastic ACCase will be affected by an interplay between 
both nuclear and chloroplastic genetic factors, which can be explored using the clones and 
antibodies for the ACCase subunits. Such characterizations should reveal how ACCase 
regulates de novo fatty acid biosynthesis for the biogenesis of membrane lipids and seed oils. 
The research of Sasaki and coworkers (Sasaki et al., 1993; Konishi and Sasaki, 1994) 
and this manuscript revives two hypotheses that were originally proposed by Stumpf and 
colleagues (Kannangara and Stumpf, 1972; Pollard and Stumpf, 1980; Nikolau et al., 1984). 
The first of these is the hypothesis that chloroplasts contain a "prokaryotic-type" of ACCase 
that is composed of dissociable components (Kannangara and Stumpf, 1972); with the 
purification of the more stable homomeric ACCase (e.g., Egin-Biihler and Ebel, J. 1983; 
Slabas and Hellyer, 1985), this concept of a prokaryotic-type of ACCase fell into disfavor. 
The second hypothesis is that plants contain distinct isozymes of ACCase that are in separate 
spatial and temporal compartments for the generation of malonyl-CoA needed for the 
biosynthesis of a variety of phytochemicals (Pollard and Stumpf, 1980; Nikolau et al., 1984). 
It has now become apparent that both of these hypotheses are indeed correct. 
All biotin-containing enzymes, including ACCase, show a conservation in their 
functional domains, which is probably a consequence of their common evolutionary origin 
(Saraols et al., 1988). With the increasing availability of gene sequences for biotin-containing 
enzymes, it is becoming apparent that the genetic organization of these domains may provide 
tools for the understanding of both the evolution of these enzymes and information on the 
phylogenetic relationship of organisms. ACCase is particularly suited for such studies since it 
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is present in all organisms, and it is the only known biotin-containing enzyme that shows a 
range of domain organizations among - and even within - different phylogenetic groups. 
The sequence similarity between the iiigher plant chloroplastic ACCase and die 
eubacterial ACCases is probably a remnant of the prokaryodc origin of the chloroplast 
(Margulis, 1981). Thus, both the fatty acid synthase complex of enzymes (Stumpf, 1987) and 
ACCase have retained a quaternary structure and organizadon reminiscent of that of the 
prokaryotic precursor of the chloroplasL However, whereas all the genes coding for the 
chloroplast-located enzymes of fatty acid synthase have migrated to the nucleus during the 
evolution of plants (Ohlrogge, et al., 1993), the genes coding for the heteromeric ACCase arc 
shared between two genomes: the accD gene is located on die chloroplast genome (27), and the 
CACl gene is on the nuclear genome. 
The plant kingdom appears to be uniquely endowed with two distinct types of ACCases 
which are in evoludonary flux. Not all chloroplast genomes contain the accD gene (Sasaki et 
al., 1993; Nagano et al., 1991). It is absent from the chloroplast genomes of die Graminae: 
maize, wheat, and rice. Furdiermore, a 38-kDa biotin-containing polypeptide (the CACl 
homolog) is absent from leaves of maize (Nikolau et al., 1984). Presumably the chloroplasts 
of diese plants lack the heteromeric ACCase. However, maize contains two types of 
homomeric ACCases, which can be differendated by their sensitivity to die graminicides, 
cyclohexanediones and aryloxyphenoxypropionates, and can be physically separated (Egli et 
al., 1993). One of diese homomeric ACCase isozymes is located in die chloroplast, whereas 
the other is in a separate subcellular or cellular compartment. These two homomeric ACCases 
are the products of two distinct nuclear-encoded genes (Caffrey, J. J., Wurtele, E. S. & 
Nikolau, B. J., personal communication in (1995) Maize Newsletter 69, in press). Thus, it 
appears that the chloroplasts of Graminae, such as maize, have lost the heteromeric ACCase 
during evolution and have replaced it with a homomeric ACCase. 
Finally, die finding diat die cytosolic, homomeric ACCases from a wide variety of 
eukaryotic organisms (plants, yeasts, diatoms, and animals) are similar in sequence to each 
other, but divergent from die heteromeric ACCases of chloroplasts and eubacteria, indicates 
that these two ACCases have distinct evolutionary origins diat may predate die evolutionary 
appearance of die chloroplasL 
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Figure 1. Expression of the Arabidopsis cDNA, CACl, in E. coli as a GST chimeric 
protein. The 3'-end of the cDNA clone CACl was subcloned into pGEX-4T-3 at the 3'-
end of, and in-frame with, the gene coding for GST. The resulting plasmid, pGC, 
contains a GST-CACl chimeric gene whose structure is shown schematically; the shaded 
sequence was derived from an intermediate cloning vector (A). Cultures of E. coli strain 
XLl Blue without any introduced plasmid, or harboring pGC (two independent 
transforraants), or harboring pGEX-4T-3 were treated with EPTG to induce the expression 
of the GST gene. Extracts of cells lysed in the presence of 2% SDS were analyzed by 
SDS-PAGE, and the gel was stained with Coomassie Brilliant Blue (B). Proteins from an 
identical gel were transferred to a niu'ocellulose filter, and biotin-containing polypeptides 
were detected with '^I-streptavidin (C). The GST-CACl fusion protein was purified by 
affinity chromatography with agarose-glutathione. The purified GST-CACl fusion protein 
was analyzed by SDS-PAGE, and the gel was stained with Coomassie Brilliant Blue (D). 
The GST-CACl fusion protein is indicated. The minor biotin-containing polypepddes of 
lower molecular weight dian the GST-CACl fusion protein probably represent proteolytic 
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Figure 2. The Arabidopsis cDNA clone, CACl, codes for the 38-kDa biotin-conlaining subunil of an ACCase. (A) An 
Arabidopsis leaf extract was fractionated by SDS-PAGE, the proteins were elecu-ophoretically transferred to 
nitrocellulose, and biotin-containing polypeptides were detected with i"l-streptavidin (lane 1). An identical analysis to 
that shown in lane 1, except tliat the nitrocellulose filter was sequentially incubated with anti-CACl serum, and '251-
Protein A (lane 2). An aliquot of tlie Arabidopsis leaf extract was passed through an agarose-avidin column. Tlie non-
binding fraction was collected (lane 3), and the biotin-conlaining polypeptides were eluted witli boiling 2% SDS (lane 4). 
These two fractions were fractionated by SDS-PAGE, transferred to niu^ocellulose and sequentially incubated witli anti-
CACl serum, and '^si-Protein A. 
(B) Increasing amounts of either preimmune (O) or anti-CACl serum (#) were added to identical aliquols of an 
Arabidopsis leaf extract that contained ACCase and MCCase activities. After a 1-h incubation on ice, residual ACCase 









Figure 3. CAC-1 gene and raRNA. (A) DNA isolated from Arabidopsis leaves was 
digested with SaK, ffmdIII, EcoRV, EcoRI or BamHI, and following electrophoresis was 
subjected to Southern blot analysis, probing with the CACl cDNA clone. (B) RNA was 
isolated from leaves of 16-day old plants, leaves of 40-day old plants, and bolting shoots 
of 45-day old plants. Aliquots containing 20 |ig of each RNA preparation were 
fractionated by electrophoresis in a formaldehyde-containing agarose gel and subjected to 
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Figure 4. Cellular distribution of BCC subunit and CACl raRNA. Developing sUiques of 
A. thaliana were harvested 7 DAF; expanding leaves were harvested from plants 2 weeks 
after germination. Light micrographs. A) Silique secdon reacted with BCC subunit 
antiserum as primary antiserum and detected by PAP. B) Silique control, similar to panel 
A but using preimmune serum as primary antisemm. Opaque brown-colored material 
secreted within ceUs of silique inner integument and surrounding cellular endosperm is as 
yet not fully chemically defined. C) Young leaf. In situ hybridization using antisense 
RNA probe corresponding to the 3' end of CACl cDNA. D) Young leaf. In situ 
hybridization using sense RNA probe corresponding to 3' end of CACl cDNA. E) 
Silique; in situ hybridization using antisense RNA probe corresponding to 3' end of CACl 
cDNA. Silique ovxale (higher magnification of E). w = silique wall; i = ovule 
integument; e = embryo; ce = cellular endosperm; sra = central septum. Bar = 59 |im for A-
E; 29 fim for F. 
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CHAPTER 2: STRUCTURE OF THE CACl GENE AND IN SITU 
CHARACTERIZATION OF ITS EXPRESSION: THE ARABIDOPSIS 
THALIANA GENE CODING FOR THE BIOTIN-CONTAINING SUBUNIT OF 
THE PLASTIDIC ACETYL-CoA CARBOXYLASE^ 
A paper accepted in Plant Physiology 
Jinshan Ke^, Joongkook Choi^ Marianne Smith, Harry T. Homer, Basil J. Nikolau, 
and Eve Syrkin Wurtele* 
ABSTRACT 
The CACl gene of Arabidopsis thaliana that codes for biotin carboxyl-carrier subunit of 
the heteromeric acetyl-CoA carboxylase was isolated and sequenced. CACl is a single copy 
gene, interrupted by six introns. Subcellular iramunogold labeling indicates that the biotin 
carboxyl-carrier subunit is localized in the stroma of the plastids and chloroplasts. The CACl 
mRNA accumulates throughout developing embryos and ovules of siliques at a time of rapid 
growth and oil accumulation (7 days after flowering), but is present at much lower levels in 
wall cells and central septal cells of the silique. Immunolocalization studies show diat the 
pattern of accumulation of biotin carboxyl carrier subunit within the siliques and leaves is 
similar to that of the CACl mRNA. These observations indicate that the cellular pattern of 
biodn carboxyl-carrier protein accumulation in the developing silique may be determined by the 
transcriptional activity of the CACl gene. 
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The first committed reaction of de novo fatty acid biosynthesis, the ATP-dependent 
carboxylation of acetyl-CoA to fomi malonyl-CoA, is catalyzed by acetyl-CoA carboxylase 
[ACCase; acetyl-CoAxarbon-dioxide ligase (ADP-forraing), EC 6.4.1.2]. This biotin-
containing enzyme is at a critical control point for fatty acid synthesis and has been shown to 
regulate the flux through this pathway in animals, yeast, bacteria, and chloroplasts (Vagelos, 
1971; Lane et al., 1974; Wakil et al., 1983; Hapiacher et al., 1993; Li and Cronan, 1993; 
Ohlrogge etal., 1993). 
In contrast to most other organisms, plants utilize malonyl-CoA not only for fatty acid 
biosynthesis but also for the synthesis of a variety of phytochemicals including flavonoids, 
stilbenoids, malonated D-amino acids, malonated aminocyclopropane carboxylic acid, and for 
elongation of long-chain fatty acids (Conn, 1981; Nikolau et al., 1984). Most of these 
specialized phytochemicals are synthesized in the cytosol (Conn, 1981; Nikolau et al., 1984), 
whereas de novo fatty acid biosynthesis is plasddic (Ohlrogge et al., 1979; Harwood, 1988). 
This compartmentadon of the synthesis of molecules derived from malonyl-CoA led to a 
hypothesis that at least two isozymes of ACCase are present in plants, a cytosolic isozyme and 
a plasddic isozyme, enabling the independent generation of malonyl-CoA in each of these 
subcellular compartments (Pollard and Stumpf, 1980; Nikolau et al., 1984). 
Thus far, three structurally diverse forms of ACCase have been identified (reviewed in 
Lane et al., 1974; Choi et al., 1995). At least two of these forms occur in plants (Sasaki et al, 
1995). A non-dissociable homomeric ACCase with a single type of biotin-containing 
polypepdde, ranging in size from 220 kDa to 260 kDa, is present in the cytosol of eukaryotic 
organisms such as yeasts (Walid et al., 1992), animals (Lopez-Casillas et al., 1988), diatoms 
(Roessler and Ohlrogge, 1993), and plants (Egin-Buhler et al., 1980; Gomicki et al., 1993; 
Roesler et al., 1994; Schulte et al., 1994; Shorrosh et al., 1994; Yanai et al., 1995). This 
multifunctional polypeptide contains the biotin carboxylase, biotin carboxyl-carrier (BCC), and 
carboxyltransferase domains. A homomeric ACCase of similar structure is also present in the 
plastids of some plant species, including maize (Egli et al., 1993) and wheat (Gomicki et al., 
1994). 
A heteroraeric ACCase, with several structural similarities to that of Escherichia coli 
ACCase (Guchhaitet al., 1974; Kondo et al., 1991; Li and Cronan, 1992a, 1992b), is present 
in many species of plants (Kannangara and Stumpf, 1972; Sasaki et al., 1993; Alban et al., 
1994, 1995; Kotiishi and Sasaki, 1994; Choi et al., 1995; Shorrosh et al., 1995). The 
quaternary structure of this plant heteromeric ACCase is not yet fully characterized. It has three 
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known components: (1) BCC subunit, to which biotin is covalently bound, is nuclear-encoded 
(Choi et al., 1995); (2) Biotin carboxylase, which carboxylates the BCC-bound biotin 
prosthetic group, is also encoded by a nuclear gene (Shorrosh et al., 1995); and (3) 
Carboxyltransferase, which transfers a carboxyl group from BCC-bound biotin to acetyl-CoA, 
generating raalonyl-CoA. This latter component is composed of two types of polypeptides, 
one plastid-encoded (Sasaki et al., 1993), and the other nuclear-encoded (Shorrosh et al., 
1996; N. Nielson, Genebank Accession Number U40979). 
This study reports the isolation and characterization of the nuclear CACI (Qhloroplastic 
Acetyl-CoA Carboxylase) gene of Arabidopsis thcdiam that encodes the BCC subunit of the 
heteroraeric ACCase. We have used immunocytocheraical procedures to directly confirm that 
the BCC subunit encoded by the CACI gene is localized in the stroma of plastids. In situ 
hybridization and iramunocytochemistry were used to determine the pattern of accumulation of 
the CACI mRNA and the BCC subunit in siliques and leaves. 
MATERIALS AND METHODS 
Materials. Arabidopsis thaliana (L.) Heynh. (Columbia) seeds were germinated in sterile 
soil and plants were grown at 250C, under constant illumination. After the inidal two flowers 
had opened, subsequent flowers were tagged with color-coded direads on the first day they 
opened. Siliques were harvested 7 d after flowering (DAF). BCC antiserum was obtained as 
previously described (Choi et al., 1995). A genomic library of Arabidopsis (Voytas et al., 
1990) was obtained from Arabidopsis Biological Resource Center. 
Isolation and Characterization of Macromolecules. Standard procedures were used 
for the isolation, analysis, and manipuladon of nucleic acids (Sambrook et al., 1989). The 
Arabidopsis genomic library was screened by hybridizauon with the 730 bp 3' most fragment 
of the CACI cDNA (Choi et al., 1995). Approximately 200,(X)0 recombinant phage were 
grown on petri plates and replicated to nitrocellulose membranes. The replica filters were 
incubated at 65°C in 6x SSC (Ix SSC is 0.15 MNaCl, 15 mM sodium citrate, pH 7.0) with 
32p-Iabeled probe for 12 h. After hybridization, filters were washed at 650C in 2x SSC, 0.5% 
SDS, and subsequently with 0.2x SSC and 0.1% SDS. Double-stranded DNA templates were 
sequenced using an ABI 373A DNA sequencer (Applied Biosystems) at the Iowa State 
University Nucleic Acids Facility. Both strands of all DNA fragments were sequenced at least 
two times. Primers used to sequence were the M13 reverse primer, and the primers that 
matched sequences within the CACI gene; PFl (5'-GTAGTAAAGGAAGTGACCG); PF2 
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(5'-CnTCCGTCTCTCTGCTAAGCC); PF3 (5'-ACCATCCCCACCTACTCCAG); PF4 (5'-
ACrCCTCTGnTGTGGTrC); PRl (S'-CAATCCTTGTGGACTATC); PR2 (5'-
ATTGGGAAGTGCGAGGAG); PR3 (5'-TTAGCAGAGAGACGGAAAG); PR4 (5'-
TTGGGTAAGGAACTCAGA); PR5 (S'-GCATAAGATGGTrGAITTGG); PR6 (5'-
GTAGGAAGTGACGAnTGGC); and PR7 (5'-CCAAAGCACAGAGAATGA). 
In Situ Techniques In situ hybridization to RNA using paraffin-embedded sections was 
carried out as described previously (John et al., 1992; Wang et al., 1995). ^^S-labeled RNA 
probes (sense and antisense) were synthesized from a subclone consisting of the 730 
nucleotides at the 3' end of the CACl cDNA (Choi et al., 1995). Slides with hybridized tissue 
sections were coated with nuclear track emulsion (Kodak NTB2), exposed for 1 to 4 d, and 
developed. Photographs were taken with a Leitz orthoplan microscope using bright-field 
optics and Kodak Ectachrome film. In situ hybridization results were repeated four times using 
two sets of plant materials that had been independently processed, aU of which gave similar 
results. For immunohistochemical subcellular localization smdies, 2-3 mm segments of siliques 
were fixed in 2% (v/v) paraformaldehyde and 1% (v/v) glutaraldehyde in a 0.1 M phosphate 
buffer, pH 7.2. Fixation was initially at room temperature for 30 min under a low vacuum to 
enhance infiltration, and then for an additional 90 min at 4°C. Fixed segments were dehydrated 
in an increasing ethanol series and embedded in LR White resin. Sixty nm thin sections were 
placed on Formvar-coated nickel grids, and allowed to dry for at least 12 h. Sections on grids 
were incubated at 37°C for 5 h in a moist chamber with: either BCC antiserum (Choi et al., 
1995) dUuted 1:500 widi TBS buffer [0.05 M Tris-HCl, pH 8.3-8.5, 0.85% (w/v) NaCl, 
0.5% (w/v) BSA, 0.5% (v/v) normal goat serum]; or preimmune serum diluted 1:500 with 
TBS buffer. After incubation, grids were washed with a stream of TBS buffer and then 
washed 3x, 5 rain each, in 25 pL TBS buffer. Grids were carefully blotted dry and incubated 
for 5 h at room temperature in goat anti-rabbit IgG conjugated to 10 nm-immunogold diluted 
1:100 with TBS plus 0.1% (w/v) fish gelatin. Grids were then washed with a stream of 
distilled water and immersed for 10 min (2x) in distilled water. Lead citrate (Reynolds, 1963) 
and aqueous uranyl acetate (Hayat, 1989) were used to enhance image contrast Sections were 
examined using a JEOL 1200EX scanning transmission electron microscope. Imraunogold 
localization experiments were repeated 3 times, with similar results, using leaves and siliques 
that had been independently fixed and embedded. 
Imraunocytological detection of the BCC subunit by light microscopy was carried out 
by two methods. For immunogold detection, 1 )im thick LR White resin-embedded tissue 
sections were placed on glass slides coated with SUane (Sigma, according to the instructions of 
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the manufacturer) and dried at just imder 50°C for 1 to 12 h. A histo-prep immunoraarker 
(Cel-Tek, Inc) was used to keep solutions in place over tissue sections. To reduce nonspecific 
background, sections were incubated overnight in a moist chamber in a suspension of 5% fat-
free milk powder in TBS buffer. The suspension was drained off the slides, and the sections 
were briefly blotted. BCC antiserum (Choi et al., 1995) diluted 1:1000 with TBS-Tween 
buffer [TBS buffer containing 0.05% (v/v) Tween-20, 0.5% (w/v) BSA, and 0.5% (v/v) 
normal goat serum], or TBS-Tween only, was placed on the resin sections and incubated in a 
moist chamber at 37°C for 2 h. After incubation, slides were washed with a stream of TBS-
Tween buffer and immersed 3x, 5 min each, in TBS-Tween buffer. Ten nm immunogold 
conjugated anti-rabbit IgG diluted 1:100 with TBS-Tween containing 0.1% (w/v) fish gelatin 
was used as the secondary antibody. Sections were incubated for 2 h at room temperature, 
washed with a stream of distilled water, irtmiersed 5x, 10 rain each, in distilled water, and then 
air-dried. Silver enhancement was carried out using a kit, according to the instructions of the 
manufacturer (Goldraark Biologicals). Twenty-five of tiie corabined initiator and silver-
containing solution were placed on sections for 8-10 rain in the dark. Slides were then washed 
with a stream of distilled water and immersed 2x, 5 rain each, in distilled water. Slides were 
dried at SO^C, immersed in xylene, and coverslipped with PermounL Photographs were taken 
using a Leitz orthoplan microscope using bright-field, dark-field, and phase-conurast optics and 
Techpan film. 
Immunocytological detection of die BCC subunit by peroxidase-antiperoxidase (PAP) 
was carried out using 7 [xm paraffin-embedded sections (John et al., 1992). Sections were 
pretreated for 30 min with a solution of 1% (w/v) trypsin and immunostained using 
diaminobenzide as substrate according to the method described in Stemberger (1986). 
Photographs were taken with a Leitz orthoplan microscope using bright-field optics and Kodak 
Ectachrome T160 film. 
RESULTS 
Isolation and characterization of the Arabidopsis CACl gene 
The isolation and sequencing of the CACI gene is an initial step critical to 
characterizing die factors that regulate its expression. Southern blot analyses of Arabidopsis 
genomic DNA indicated that the CACl gene is probably present only once in die genome of 
Arabidopsis (Choi et al., 1995). The 730 bp fragment from the 3' end of the CACl cDNA 
clone was used as a probe to isolate the CACl gene. Approximately 200,0{X) recombinant 
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bacteriophage from an Arabidopsis genomic library, representing roughly 15 genome 
equivalents, were screened, resulting in the isolation of three hybridizing clones. Restriction 
mapping and Southern hybridization analyses of these three clones indicate that they are 
overlapping and constitute an approximately 25-kb contig containing the CACl gene. This 
finding confirms that the Arabidopsis genome contains a single copy of the CACl gene. The 
CACl gene is on a 7-kb SaK-Sacl fragment diat is common to all three of the isolated clones. 
This CACi-containing fragment was cloned into the plasmid pBSBCII(+) for further analysis 
(we term this clone p6b). Additional restriction mapping. Southern hybridization, and 
sequencing analyses revealed that the entire coding sequence of the CACl gene is within an 
approximately 4-kb segment of Arabidopsis genome. 
Comparison of the nucleotide sequence of this 4-kb genomic segment with the CACl 
cDNA sequence (Choi et al., 1995) led to the identification of the strucnire of the CACl gene 
(Fig. 1). The CACl gene is interrupted by six introns whose lengths range between 84 bp 
(Intron 2) and 401 bp (Intron 1). The seven exons are between 43 bp (Exon 2) and 319 bp 
(Exon 4). The nucleotide sequence of these exons was identical to tiiat of the CACl cDNA 
(Choi et al., 1995). The amino acid sequence motif that targets the BCC subunit for 
biotinylation is encoded by Exon 5. The sequences at the intron-exon junctions are similar to 
the preferred biases observed for other plant genes (Brown 1989; Ghislain et al., 1994). 
Namely, plant exon4.intron>texon junctions are purine-rich, with a preferred sequence of 5'-
AGiGTA-intron-CAGiGT. In the CACl gene the preferred sequences are 5'-yu4.G(G/T)G-
intron-yAGiu(C/G); in which y represents a pyrimidine and u represents a purine. The exact 
5'-end of Exon 1 has not been directly determined, but it must be at, or slightiy upstream of, 
position -55, which is the 5'-end of the longest CACl cDNA we have sequenced. In addition, 
a putative TATA box is located on the genomic sequence 132 bp upstream of the ATG 
translation initiating codon. Since TATA boxes usually occur between 20 and 40 nucleotides 
upsoieam of the transcription start site, the 5'-end of Exon 1 may be between positions -110 
and -90. Upstream of the TATA box, beginning at position -698 and extending more upstream 
of the CACl gene, is the 3*-end of an ORF that shows 88% sequence identity with die Pisum 
sativum f-type thioredoxin (GenBank Accession Number X63537). If this ORP is a gene 
coding for F-type thioredoxin, then the promoter of the CACl gene may be contained in less 
than 600 bases, extending from the 3' end of the putative thioredoxin f-type precursor gene to 
the start of Exon 1. Alternatively, regulatory motifs may overlap the transcribed sequence for 
thioredoxin f-type gene, as occurs firequentiy in yeast but to our knowledge has not been 
reported for plants. The CACl promoter contains several motifs including the GT-1 binding 
site, the I-box, and the G-box, shown to be important in light-regulated transcription (Terzaghi 
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and Cashmore, 1995), and the G-box and E-box motifs, shown to be important in specifying 
high rates of seed-specific transcription (Kawagoe and Murai, 1992; Guiltinan et al., 1990). 
BCC Subunit is Located in the Stroma of Plastids 
The amino acid sequence of the BCC subunit, deduced from the CACl cDNA, contains 
an NHj-terminal extension relative to the sequences of bacterial BCC subunits (Choi et al., 
1995). This NH2-terminal extension has characteristics of a transit peptide that would target 
the BCC subunit to the stroma of plastids. We undertook in situ immunolocaUzation 
experiments to provide an independent and direct confirmation of the plastidic localization of 
the BCC subunit encoded by the CACl gene. Sections from expanding Arabidopsis leaves 
were reacted first with BCC antiserum, and secondly with anti-rabbit IgG that was conjugated 
to 10 nm gold particles. Examination of these sections by transmission electron microscopy 
revealed that the gold particles were located predominantiy over the chloroplasts; only a few 
background gold particles were observed over the cytosol, cell wall, mitochondria, and other 
cellular compartments (Fig. 2A). In addition, the gold particles were preferentially located over 
the stromal regions (darker areas) and few are located over the grana (near-white areas). For 
example, in the figure shown (Fig, 2A), of the 22 gold particles located in the chloroplast, 16 
are over the stroma, 5 are either over a region in which the plane of section of the chloroplast 
resulted in sectioning through both stroma and grana or over the boundary of the grana and 
stroma, and 2 are over what appears to be grana. We have seen this pattern consistently with 
other chloroplasts. Control grids, that had been reacted with preimmune serum, showed no or 
very few gold particles over any region of the cells (not shown). These data confirm that the 
BCC subunit accumulates in leaf chloroplasts, and specifically in the stroma of these 
chloroplasts. 
Cellular distribution of the BCC subunit and CACl mRNA in siliques and leaves of 
Arabidopsis 
The cellular distribution of the BCC subunit in young, developing leaves was examined 
by immunocytochemistry using BCC antiserum followed by irrununogold localization, silver 
enhancement, and light microscopy. The leaves used in these studies were still expanding and 
contained cells that were not yet fully differentiated. Both paradermal sections (Fig 2B) and 
cross sections (Fig. 2C) of these leaves were examined. The gold/silver particles representing 
the location of the BCC subunit are concentrated over the plastids of mesophyll and epidermal 
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cells of the leaf. Control sections using preimmune serum showed no or few silver particles 
(not shown). Cellular distribution of the BCC subunit was also examined in young, 
developing siliques. For these studies we used sUiques that were almost fuUy expanded, at 7 
DAF. The embryos within 7 DAP siliques are at the torpedo stage of development and axe 
rapidly depositing seed oils (Mansfield and Briarty, 1992). Two methods were used to 
immunolocalize the BCC subunit: the higher resolution immuno gold/silver enhancement 
method (Fig. 3), and a PAP method that produces a brown-colored product (Fig. 4, A and B). 
As visualized by the density and distribution of the silver particles (Fig. 3, A and C), and the 
brown PAP reaction product (Fig. 4A), the BCC subunit accumulates to highest levels 
throughout the ground meristem (gm), procambium (pc), and protoderm (p) of the embryo (e), 
and the cellular endosperm (ce) of the silique. Lower levels of BCC suburut accumulation are 
detectable in the integumentary tissues (i) (Figs. 3, A and B, and 4A), the cells of the silique 
central septum (sm) (Figs. 3D and 4A) and the silique wall (w) (Figs. 3, B and E, and 4A). 
Control sections of embryos treated with preimmune serum and labeled with 
immunogold/silver enhancement (Fig. 3F) or PAP (Fig. 4B) showed no or little labeling over 
the plastids of the embryo or other portions of the silique. The brown- and black-staining ring 
surrounding the cellular endosperm seen in both the immunoreaction (Fig. 4A) and the 
preimmune control (Fig. 4B) is a material secreted by a subset of integument cells, apparentiy 
into the vacuoles of these cells. This material, which will become part of the testa, is of 
undefined composition, but contains shikimate derivates, as indicated by the clear-testa mutants 
(Shirley et al., 1995). 
The distribution of CACl mRNA was examined in young expanding leaves by in situ 
hybridization to tissue sections using an antisense CACl RNA probe (Fig. 4C). The location 
of CACl mRNA is visualized by the black silver grains. The CACl mRNA is present 
throughout the leaf. Accumulation of CACl mRNA was consistently more pronounced in the 
cells located near the leaf margins, where growth may be occurring. Control hybridizations 
using CACl sense RNA probe show litde labeling (Fig. 4D). The distribution of the CACl 
mRNA was also determined in developing siliques (7 DAF) (Fig. 4, E and F). The 
accumulation of CACl mRNA is highest in the embryo, where it is distributed throughout the 
cells of the cotyledons, root, and shoot axis. CACl mRNA is present at lower levels in the 
cellular endosperm (ce) and integuments (i) of the developing seed (Fig. 4, E and F). CACl 
mRNA accumulates only to very low levels in the silique wall (w) and inner septum (sm). 
Control hybridizations using CACl sense RNA show little labeling over any region of the 
silique (data not shown). 
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DISCUSSION 
In animals (Vagelos, 1971; Lane et al., 1974; Wakil et al., 1983), yeast (Hapiacher et 
al., 1993), and bacteria (Kondo et al., 1991; Li and Cronan, 1993) ACCase is a highly 
regulated enzyme that plays a crucial role in controlling de novo fatty acid biosynthesis. In 
these organisms, a variety of complex mechanisms control ACCase activity. These 
mechanisms include transcriptional and post-transcriptional regulation of ACCase gene 
expression, which are generally important for long term and developmentally controlled 
changes in rates of fatty acid synthesis. Shorter term changes in the rate of fatty acid synthesis 
are generally modulated by alterations of ACCase enzyme activity via kinetic effectors and by 
covalent modifications. 
In plants, the role of ACCase in regulating fatty acid biosynthesis is less fully 
understood. Indirect evidence indicating that ACCase regulates the light-dependence of fatty 
acid biosynthesis in chloroplasts has been obtained from measurements of acetyl-CoA and 
malonyl-CoA pools in isolated chloroplasts (Ohlrogge et al., 1993). These modulations of the 
rates of fatty acid biosynthesis are relatively rapid and are probably the result of kinetic 
effectors of ACCase activity (Eastwell and Stumpf, 1983; Nikolau and Hawke, 1984). In 
contrast, less is known about the role of ACCase in regulating long-term, developmental 
modulations of fatty acid biosynthesis. Studies to elucidate this role have compared changes in 
ACCase activity with changes in fatty acid accumulation during leaf (Nikolau et al., 1981; 
Hawke and Leech, 1987) and seed (Simcox et al., 1979; Tumham and Northcoate, 1982 and 
1983; Charles et al., 1986; Kang et al., 1994) development . However, these correlative 
studies are difficult to interpret because, as has now become clear, in vitro measurements of 
ACCase activity in plant tissue extracts do not necessarily reflect the ACCase which generates 
malonyl-CoA for fatty acid synthesis. This is for two reasons: 1) Assays of ACCase activity 
in plant tissue extracts measure the sum of both the cytosoUc and plastidic forms of the 
enzyme, but only the latter generates malonyl-CoA for fatty acid synthesis. Furthermore, the 
ratio of these two forms of ACCase is not necessarily constant during development. 2) In 
many plant species (particularly dicots) the plastidic ACCase is heteromeric and is inactivated to 
an undefined degree by dissociation during extraction (e.g., Alban et al., 1995). Thus, 
determinations of the activity of heteromeric ACCase may not be quantitative. 
To elucidate the role of plastidic ACCase in regulating the long term developmental 
changes of fatty acid biosynthesis wiU require the study of the expression of at least four 
structural genes, as well as determinations of plastidic ACCase activity (which, as described 
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previously, are not yet quantitative). In this study we have focused on the CACl gene. In 
Arabidopsis, the CACl gene codes for a BCC subuniL Antisera directed against this protein 
inhibit about 70% of ACCase activity in leaf cell-free extracts, thus indicating it is a subunit of 
a heteromeric ACCase (Choi et al., 1995). We previously described a potential transit peptide 
that could target the BCC subunit encoded by the CACl gene to the plastids. However, plastid 
targeting transit peptides also show structural and functional similarities to transit peptides that 
target proteins to the mitochondria (Keegstra et al., 1989; Heijne, 1992). In addition, the 
recent finding that plant mitochondria contain an isozyme of acyl-carrier protein (Shintani and 
Ohlrogge, 1994), may indicate that this organelle may have the ability to carry out de novo fatty 
acid biosynthesis, as appears to occur in Neurospora (Mickolajczyk and Brody, 1990). We 
have used imraunohistocheraical raethods to show herein that the BCC subunit encoded by the 
CACl gene is located in the stroraa of the plastids, direcdy deraonstrating that this gene 
encodes the BCC subunit of the plastidic heteroraeric ACCase. The CACl gene is highly 
expressed in cells that are actively growing and synthesizing fatty acids for membrane 
phospholipids or triacylglycerides. Thus, the embryos in Arabidopsis siliques at 7 DAF, 
which are rapidly accumulating seed oils (Mansfield and Briarty, 1992; Bowman, 1994), 
contain a high level of BCC subunit and CACl niRNA. In contrast, accuraulation of BCC 
subunit and CACl mRNA is less in the silique walls and inner septum, which have ceased 
growth but are still metabolically active. The BCC subunit and CACl mRNA are distributed 
throughout all tissues of the expanding leaf. Our data from siliques and leaves further indicate 
that the tissue-specific accuraulation of the BCC subunit raay be controlled primarily by the 
steady-state level of accumulation of its mRNA. Thus, in both the siliques and the leaves, the 
pattern of spatial distribution of the BCC subunit seems to parallel the spatial pattern of 
disttibution of the CACl mRNA that encodes it These data are consistent with the hypothesis 
that the developmental pattern of BCC subunit accumulation is detemiined by the 
transcriptional regulation of the CACl gene in these organs. Plastidic ACCase of Arabidopsis 
is assembled from products of both nuclear and plastidic genes. The plant cell must have 
mechanisms to coordinate the synthesis, transport, accuraulation, and asserably of these 
subunits. For example, coordination may entail cross communication among the structural 
genes during their expression, or the structural genes may be induced by the same set of 
transcription factors. Comparison of the nucleotide sequence of CACl promoter with 
sequences of promoters of nuclear genes coding for the other subunits of the heteroraeric 
ACCase (biotin carboxylase and the a-subunit of carboxyltransferase) may provide clues as to 
how the transcription of these genes is coordinated. This is particularly the case if 
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transcriptional coordination occurs via the binding of a common set of transcription factors that 
bind to each of these promoter elements. An understanding of the interactive regulatory 
mechanisms that control the expression of these genes will expand our knowledge of the role 
of ACCase in the formation of membrane lipids and seed oils. 
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shaded boxes, introns (11-16) arc represented by solid lines. Positions of translational start codon ('ATG), stop codon 
(2990TGy\)^ and biolin attachment site (Biotin) aie indicated. Positions of motifs upstream of the first exon tliat may be 
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the translational start codon, and arc shown as superscript. The sequence of tlie CACl gene has been deposited with 
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Figure 2. Localization of BCC subunit in leaves of A. thaliana . Expanding leaves were 
harvested from plants 2 weeks after germination. A) Subcellular localization of BCC 
subunit in chloroplast stroma. BCC subunit antiserum was used as primary antibody, anti-
rabbit IgG conjugated to 10 nm gold particles was used as a secondary antibody. Electron 
micrograph of chloroplast and surrounding cytoplasm; grana are lighter regions, stroma are 
darker regions within chloroplast. B) Paradermal secdon of leaf showing mesophyll cells. 
C) Cross section of leaf showing (top to bottom) upper epidermis, palisades parenchyma, 
spongy mesophyll cells, and lower epidermis. B and C are light micrographs showing 
immunogold particles visualized by silver enhancement g = grana; s = stroma; ue = upper 
epidermis; le = lower epidermis. Axrows indicate examples of plastids labeled with 
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Figure 3. Cellular distribution of BCC subunit in siliques of A. thaliana . Developing 
siliques were harvested 7 DAF. BCC subunit antiserum was used as primary antibody, 
and anti-rabbit IgG conjugated to 10 nm gold particles was used as a secondary antibody. 
Light micrographs showing immunogold particles visualized by silver enhancement. A) 
embryo, cellular endosperm, and ovule integument; B) cellular endosperm, integument and 
silique wall; C) embryo and cellular endosperm (higher magnification of A); D) central 
septum; E) silique ovary wall; F) preimmune control showing embryo, cellular 
endosperm, and integument, w = silique wall; i = ovule integument; pc = procambium of 
embryo; p = protoderm of embryo; gm = ground meristem of embryo; e = embryo; ce = 
cellular endosperm. Arrows indicate examples of plastids labeled with gold/silver particles. 
Bar = 30 ^im for A, B; 10 jim for C-F. 

Figure 4. Cellular distribution of BCC subunit and CACl naRNA. Developing siliques 
of A thaliana were harvested 7 DAF; expanding leaves were harvested from plants 2 
weeks after germination. Light micrographs. A) Silique section reacted with BCC 
subunit antiserum as primary antiserum and detected by PAP. B) Silique control, 
similar to panel A but using preimmune serum as primary antiserum. Opaque brown-
colored material secreted within cells of silique inner integument and surrounding 
cellular endosperm is as yet not fully chemically defined. C) Young leaf. In situ 
hybridization using antisense RNA probe corresponding to the 3' end of CACl cDNA. 
D) Young leaf. In situ hybridization using sense RNA probe corresponding to 3' end 
of CACl cDNA. E) Silique; in situ hybridizadon using antisense RNA probe 
corresponding to 3" end of CACl cDNA. F) Silique ovule (higher magnification of E). 
w = silique wall; i = ovule integument; e = embryo; ce = cellular endosperm; sm = 
central septum. Bar = 59 jim for A-E; 29 jim for F. 
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Table I. Putative regulatory motifs in the CACl promoter 














-204 to -200 
-161 to-156 
-218 to-215 
Guiltinan et al. 




GTl site GGTAAA light regulation -230 to -225 Terzaghi and 
Cashmore (1995) 
Ebox CATTTG seed expression -461 to -456 
Scaffold TTATATFTAT -271 to-262 
attachment general enhancers 
regions (SAR) TnTTTTATA -413 to -404 
Kawagoe and Murai 
(1992) 
Gasser and Laeramli 
(1986) 
Allen etal. (1996) 
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GENERAL SUMMARY and CONCLUSIONS 
Two types of acetyl-CoA carboxylases exist in the plant kingdom: the ACCase in the 
cytosol of plant cells is die homomeric form, since it is composed of 3 inseparable ftincdonal 
domains on a single polypepdde, and provides raalonyl-CoA for the synthesis of plant 
secondary metabolites, including many polketides and derivadves and raalonylated 
phytochemicaL The plasdd-localized ACCase catalyzes the first, and probably rate-limiting, 
reacdon of de novo fatty acid biosynthesis and is called the heterorareic form, since it is 
composed of separable ftincdonal subunits. Considering die significant role of ACCase in 
agronomic areas , such as seed oil producuon, litde is known about the structures of the genes 
and their respecdve mRNA products (cDNAs). In die first chapter of this diesis, the cDNA 
coding for one of the 4 subunits of die heteromoreic ACCase, die biodn carboxyl-carrier 
subunit has been cloned and sequenced from Arabidopsis thaliana. Immuno-inhibidon assays 
demonstrate diat die antibody against the cDNA-derived polypepdde blocks specifically the 
reacdon catalyzed by ACCase in leaf extract, indicadng diat die cDNA (CACI) encodes the 
biotinylated subunit of ACCase. The deduced amino acid sequence of CACI has an apparent 
N-terminal chloroplast-targeting transit pepdde. The amino acid sequence of die CACI protein 
is most similar to die biodn carboxyl-carrier protein component of eubacterial acetyi-CoA 
carboxylases. Taken together, die results here confirm die earlier findings and interpretadon, 
diat 35kDa biodn-containing protein present in a variety of plant extracts is a distinct subunit of 
ACCase, but not of a degadadon product from die homomeric ACCase in die cytosol. The 
CAC/ mRNA accumulates to highest levels in organs diat are undergoing rapid growth, dssues 
diat would be synthesizing fatty acids for die deposidon of membrane lipids needed for 
growth. 
In die second chapter, the nucleodde sequence of the isolatedCAC7 gene, including its 
upstream (Ikb) and downstream (0.7kb) regions is presented. This gene is interrupted by 6 
intronic sequences. Also, the analysis of die putadve promoter identifies several conserved 
DNA motifs, which have been confirmed in odier plant genes to be required for light-
responsiveness, seed-specific expression and for enhancing uranscripdonal acdvity. /n situ 
localization experiments, with both the serum against the CACI protein and the cDNA probe, 
shows that die CACI gene is expressed in a coordinate fashion, with die changes in the 
accumulation of die mRNA and protein products occuring coordinately during seed 
development These data support die idea that die CACI gene expression may be primarily 
controlled at the transcritional level. The CACI mRNA accumulates throughout developing 
embryos and ovules of siliques at a time of rapid growth and oil accumulation (7 days after 
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flowering), but is present at much lower levels in wail cells and central septal cells of the 
silique. 
The data in the appendix shows that the homomeric-cytosolic form of ACCase 
accumulates exclusively in the epidermis of leek leaves, as evidenced by the detection of a 240-
kDa biotin-containing polypeptide. On the other hand, three subunits (BCCP, BC and CT-p) of 
heteromeric ACCase were equally abundant in leek mesophyll and epidermal tissues. These 
data indicate that unlike maize, raonocotyledonous leek leaves contain two structurally distinct 
isozymes of acetyl-CoA carboxylase, one of which, the homomeric form is restricted to the 
epidermis. 
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APPENDIX: TISSUE DISTRIBUTION OF ACETYL-CoA CARBOXYLASE 
IN LEAVES OF LEEK iAllium porrum L.) 
A Paper Submitted to Journal of Plant Physiology 
James J. Caffrey^''^-*, Joong-FCook Choi^-*, Eve Syrkin Wurtele^, Basil J. Nikolau^ 
Abstract 
The distribution of acetyl-CoA carboxylase between the epidermal and raesophyil layers 
of leek leaves was determined. Acetyl-CoA carboxylase specific activity was approximately 
three-fold higher in the epidermis than in the raesophyil layer. Four prominent biotinylated 
polypeptides of approximate molecular masses 240, 85, 37, and 35 kDa were detected in total 
leaf extracts. The biotin-containing subunit of the homoraeric acetyl-CoA carboxylase, (the 
240-kDa biotinylated polypeptide) accumulates exclusively in die epidermis of leek leaves. 
Three of the subunits of the heteroraeric acetyl-CoA carboxylase (the biotin carboxyl carrier, 
the biotin carboxylase, and p-subunit of the carboxyltransferase) were equally abundant in leek 
raesophyil and epidermal dssues. These data indicate that leek leaves contain two structurally 
distinct isozymes of acetyl-CoA carboxylase, one of which, the homoraeric form, is restricted 
to the epiderrais. 
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Introduction 
ACCase (EC 6.4.1.2) is a biotin-containing protein that catalyzes the ATP-dependent 
carfaoxylation of acetyl-CoA, to form raalonyl-CoA (Lane et al., 1974). This reaction provides 
the activated, two-carbon condensing unit (raalonyl-CoA) required for the synthesis of such 
polyketide derivatives as fatty acids, cuticular lipids, flavonoids, and stilbenoids (Vagelos, 
1971; Wakil et al., 1983; Harwood, 1988; Slabas and Fawcett, 1992; Nikolau et al., 1984). In 
addition, malonyl-CoA is used in the malonylation of 1-aminocyclopropane carboxylic acid, D-
araino acids, and flavonoids, and is an intermediate in the synthesis of raalonic acid. The 
biosynthesis of such diverse phytochemicals is regulated both temporally and spatially, a 
feature of many plant secondary metabolic pathways (Wiermarm, 1981; Nikolau et al., 1984; 
Rhodes, 1994). 
The existence of two structurally distinct isozymes of ACCase has now been 
established in a variety of dicotyledonous species (Sasaki et al., 1993; Konishi and Sasaki, 
1994; Konishi et al., 1996). One isozyme has a homodimeric structure with a biotin-
containing subunit of between 240 and 250-kDa (Shorrosh et al., 1994; Schulte et al., 1994; 
Roesler et al., 1994; Gomicki et al., 1994; Yukihiro et al., 1995). The other isozyme has a 
heteromeric structure, which contains four types of subunits: the chloroplast-encoded p-
carboxyltrasferase subunit (Sasaki et al., 1993), the biotin carboxyl carrier subunit (Choi et al., 
1995), the biotin carboxylase subunit (Shorrosh et al., 1995) and die nuclear-encoded a-
carboxyltrasferase subunit (Shorrosh et al., 1996). In leaves of dicot species, the homoraeric 
ACCase is thought to be present in the cytosol of epidermal cells whereas the heteromeric 
ACCase is in chloroplasts and plastids of both mesophyl and epidermal cells, respectively 
(Konishi and Sasaki, 1994; Alban et al., 1994). But, in monocots such as maize (and perhaps 
in wheat and rice) two forms of the homomeric enzyme seem to be present, with one form 
localized in die chloroplasts, and the other presumably in the cytosol (Egli et al., 1993). To 
extend these observations we investigated the tissue distribution of ACCase isozymes in leaves 
of leek, a monocot diat provides ample amounts of highly homogeneous separated epidermal 
and mesophyl tissues. We report here the detecdon of both the homoraeric and heteromeric 
forms of ACCase, and describe the tissue distribution of these two isozymes among the tissues 
of leek leaves. 
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Materials and Methods 
Chemicals and reagents 
Acetyl-CoA, ATP, and E-64 (a thiol-protease inhibitor), were purchased from Sigma. 
NaH^'HIOs (1.8-2.2 GBq.mmol"') was obtained from Amersham. Protein concentrations were 
determined using a commercial reagent (Bio-Rad) (Bradford, 1976). AH other reagents were 
analytical or molecular biology grade. The accD-DNA probe used in this study is a 783-bp 
XmnVBarrHl fragment {viz., positions 59,871 to 60,654 of the tobacco chloroplast genome) 
and represents the 5' end of the accD gene (Shinozaki et al., 1986). Antibodies to the tobacco 
p-CTase were a kind gift from Dr. Yukiko Sasaki (Sasaki et al., 1993) . Antisera to the BCC 
and biodn carboxylase subunits of Arabidopsis heteromeric ACCase are described in (Choi 
et al., 1995; Sun et al., 1996). 
Plant material 
Leeks were purchased from a local markeL Sections of the sheathing leaves, 7 to 10 
cm above the meristem, were used in all experiments. The abaxial (outer) and adaxial (inner) 
epidermal layers of each leaf section were isolated from the mesophyll layer by snapping each 
section longitudinally and peeling away the diaphanous material from both leaf surfaces 
(Nikolau et al., 1984). All tissues were frozen immediately and stored under liquid nitrogen 
untU use. 
Protein extraction 
Plant material (0.5 to 2 g), frozen in liquid nitrogen, was pulverized while frozen with a 
mortar and pestle. After the liquid nitrogen had boiled off, 2 to 3 volumes of an extraction 
buffer (100 mM HEPES-KOH, pH 7.0, 20% (v/v) glycerol, 1 mM EDTA, 0.1% (v/v) Triton 
X-100, 20 mM 2-mercaptoethanol, 10 mM E-64 and 100 ng.mL"' PMSE^ were added, and the 
frozen mixture was homogenized as it thawed. The brei was clarified by centrifugation at 
10,000 X g for 20 min, and the supernatant recovered. Aliqouts were assayed immediately for 




ACCase activity was determined as the rate of the acetyl-CoA-dependent incorporation 
of radioactivity from NaH''*C03 into the acid-stable product (Wurtele and Nikolau, 1990). 
Briefly, aliquots of the extracts containing 3 to 6 jig of protein were mixed, on ice, with 1 niM 
ATP, 2 mM NaHi''C03 (5 mCi), 50 mM Tricine-KOH, pH 8.0, 5 mM MgCl2, and 1 raM 
DTT (final concentrations). Reactions were started by the addidon of 0.3 mM acetyl-CoA, and 
the assays were incubated at 37°C for 15 min. Reactions were stopped by adjusting the assay 
to 1.5 N HCI, and an aliquot of each reaction was immediately spotted onto Whatman 3MM 
paper filters. The filters were dried by heating, and the amount of acid-stable radioactivity 
present on each filter was determined by liquid scintillation counting. One unit (U) of activity 
is defined as the amount of enzyme required to produce I nmol acid-stable product per rain at 
37°C. 
Electrophoresis and western analysis 
Aliquots of extracts containing equal amounts of protein (30 jig) were adjusted to 1% 
(w/v) SDS, 40 mM Tris-HCl, pH 6.8, 5% (v/v) glycerol, 50 mM DTT, and placed in a badi of 
boiling water for 5 min. Denatured extracts were subjected to electrophoresis in SDS-
contairung 7.5% polyacrylamide gels (Laemrali, 1970). Western blotting onto nitrocellulose 
membranes (obtained from Shleicher and Schuell) was performed with a Millipore MilliBIot-
SDE Protein Blotting apparatus. Blotting was carried out at room temperature at 2.5 mA per 
cm2 of nitrocellulose for 30 to 45 min. Buffer conditions were as recommended by the 
manufacturer. After blotting, niurocellulose membranes were incubated at room temperature in 
1% (w/v) BSA in RB Buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% 
(v/v) Triton X-100). 
To detect biotinylated polypeptides, membranes were incubated for 2 to 4 h at room 
temperature in 1% BSA in RB buffer containing '^I-streptavidin (1-5 X 10® cpm/5 mL). The 
membranes were then washed three times for 5 to 10 min each in RB Buffer brought to 1 M 
NaCI. Radioactive filters were exposed to X-ray film at -70°C to detect die tagged 
molecules. 
The p-CTase, BCase and the BCC subunits of the heteromeric ACCase were 
immunologically detected with the respective antibodies. Leek leaf proteins, fractionated by 
SDS-PAGE and immobilized on nitrocellulose filters, were probed with p-CTase antibodies at 
a concentration of 1.4 ^g.mL*', or witii a 1:1000 dilution of BCase or BCC subunit antiserum. 
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in RB buffer containing \% (w/v) BSA. Following a 2-4 hr incubation at room temperature, 
the filters were washed three times with RB buffer for 5 to 10 min each, and the antibody-
antigen complexes were detected with '^^i-Protein A, followed by autoradiography. 
Isolation and analysis ofDNA 
DNA was extracted from leek leaves by the method of Dellaporta et al. (1983). 
Approximately 10 /ig of genomic DNA was digested with EcoRI or HindUL for 3 hr at 37°C. 
Restriction enzyme fragments were separated by electrophoresis in a 0.7% agarose gel. The 
DNA was blotted to a nylon filter (Southern, 1975) and probed with a cloned portion of the 
tobacco accD gene. The probe DNA was radioactively labeled with [a^-PjdCTP by random 
priming (Feinberg and Vogelstein, 1983) using the Klenow fragment of DNA polymerase I. 
Unincorporated nucleotides were removed from the probe reactions by spin dialysis using 
Sephadex G-25 columns (Sambrook et al., 1989). The specific radioactivity of the probe was 
at least 0.5 GBqZ/ig DNA. Hybridizations were conducted for 12 hr at 65''C in a buffer 
consisting of 5 X SSC, 50 mM Tris-HCl, pH 8.0, 0.2% (w/v) SDS, 10 mM EDTA, 0.1 
mg/mL sheared fish DNA, I X Denhardt's solution, and 10% (w/v) dexu^ sulphate. The 
nylon filter was then washed 3 times for 15 min each in 2 X SSC, 0.5% (w/v) SDS, and 
exposed to X-ray film at -70°C. 
Results 
Distribution ofACCase activity among leaf tissues 
Leek provides a convenient source of highly homogenous preparations of epidermal 
tissue, because the epidermis is readily detached from underlying layers of cells. The abaxial 
(outer) and adaxial (inner) epidermal layers were harvested from several leaves of a single plant 
as described (Materials and Methods), and the epidermal tissues were pooled for these 
analyses. Proteins were extracted under non-denaturing conditions from the separated 
mesophyll and epidermal tissues, and from sections of intact leaves. Aliquots of the extracts 
were assayed for ACCase activity. The specific activity of ACCase in the epidermis was 0.60 
+ 0.32 U-mg-', whereas that in the mesophyll tissue was 0.22 + 0.21 U-mg-^ The specific 
activity of ACCase in extracts of the intact leaf sections was 1.96 ± 0.95 U-mg*' (averages and 
standard deviations are given for 6 determinations). These specific activities are in close 
agreement with previous determinations (Nikolau et al., 1984). 
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Distribution ofbiotin-containing proteins among the leaf tissues 
The biotinylated polypeptides present in each of the leaf tissues of leek leaves were 
identified by SDS-PAGE and Western blot analysis. Aliquots of protein extracts containing 
equal amounts of protein (30 /ig protein) from intact leaves, mesophyll tissue and pooled 
epidermal tissues were subjected to SDS-PAGE. Cooraassie Brilliant Blue staining of the gels 
confirmed diat approximately equal amounts of protein were loaded per lane (Fig. lA). 
ftoteins from identical gels were electrophoretically transferred to a nitrocellulose filter, and the 
filter was probed with '^sj-streptavidin to detect biotinylated polypeptides. 
Four prominent biotinylated polypeptides were observed in extracts from the intact leaf 
samples, with approximate molecular masses of 240, 85, 37, and 35 kDa (Fig. IB). The 240-
kDa biotin-containing polypeptide is the subunit of the homomeric ACCase, as is the case in 
other monocot and dicot plant species (Shorrosh et al., 1994; Schulte et al., 1994; Roesler et 
al., 1994; Gomicki et al., 1994; Yukihiro et al., 1995). The 85-kDa biotinylated polypeptide is 
probably the biotin-containing subunit of 3-methylcrotonyl-CoA carboxylase, a mitochondrial 
biotin-dependent carboxylase involved in the catabolism of leucine (Chen et al., 1993; Diez et 
al., 1994; Wang et al., 1994). The exact biochemical functions of the 37-kDa and 35-kDa 
biotin-containing polypeptides were not clearly identifiable from comparison with the 
previously published literature. However, since they have approximately the same molecular 
weight as the biotin-containing subunit of the heteromeric, plastidic ACCase (Choi et al., 
1995), we thought that at least one of these polypeptides would be the BCC subunit of tius 
enzyme. The identity of tiiese two biotin-containing polypeptides was investigated by western 
analyses with antiserum against the Arabidapsis BCC subunit of the heteromeric ACCase 
(Choi et al., 1995). This antiserum reacted with both the 37-kDa and 35-kDa biotin-containing 
polypeptides of leek (Fig. ID). This result indicates that these two polypeptides are 
immunologically related, and furthermore mdicates that the 35-kDa polypeptide may be a 
derivative of the 37-kDa polypeptide. This conclusion is consistent with die fact that identical 
uyptic and chymotryptic peptide maps are derived from 37-kDa and 35-kDa biotin-containing 
polypeptides of carrot (Caffrey, Wurtele and Nikolau, unpublished data). Because both the 
37-kDa and 35-kDa biotin-containing polypeptides are equally abundant in botii the mesophyll 
and epidermal extracts we conclude that tiie BCC subunit of the heteromeric ACCase 
accumulates equally in botii the mesophyll and epidermal cells of the leek leaf. 
The three biotin-containing polypeptides of lowest molecular mass (85,37 and 35 kDa, 
respectively) accumulate to approximately equal levels in the epidermal and mesophyll tissues 
of the leek leaf, as has been previously reported (Nikolau et al., 1984). In conti-ast, the 240-
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kDa biotin-containing polypeptide, which was not detected previously in leek because of the 
difficulty of electtophoretically transferring such a large polypeptide (Nikolau et al., 1984), is 
present almost exclusively in the epidermal tissue of the leaf. Only with long exposures of the 
blots was this polypeptide ever detected in the mesophyll tissue of the leaf, and then only once 
(out of three attempts) and at a very low level. This may have been due to trace contamination 
of the mesophyll tissue by the epidermal cells, or the 240-kDa biotin-containing polypeptide 
may accumulate at trace levels in the mesophyll cells. A quantitative densitometric scan of the 
filter in question indicates that the 240-kDa biotin-containing polypeptide accumulates at least 
5Q-fold higher levels in the epidermal tissue than the mesophyll tissue. Thus, the homomeric 
ACCase accumulates almost exclusively in the epidermal cells of the developing leek leaf. 
Distribution of the fi-CTase and BCase siibunits among the leaf tissues 
The product of the plastid-encoded accD gene is the p-CTase subunit of the heteromeric 
ACCase (Sasaki et al., 1993). To investigate whether this gene is present in leeks, DNA was 
isolated from leek leaves and digested with £coRl or HindTLl, and subjected to Southem 
hybridization analysis, using a portion of the tobacco chloroplast genome corresponding to the 
accD gene as a probe (see Materials and Methods). Two to three DNA fragments, which 
hybridize to the tobacco accD gene probe, were detected in this analysis (Fig. 2), These 
hybridization signals remained even after a number of rounds of progressively more stringent 
washings of the filter (0.5 X SSC, at 65°C). Due to the relatively strong hybridization signal 
obtained in these analyses, we concluded that these hybridizing fragments were indeed derived 
from the plastid genome of leek. Therefore, these analyses indicate that the leek plastid 
genome contains the accD gene. 
To determine whether the accD gene is expressed, we analysed leek leaf protein extracts 
by western blotting using antibodies raised against the carboxy terminal 383 amino acids of the 
p-CTase pea (Sasaki et al., 1993). The p-CTase antibodies recognize a polypeptide of about 94 
kDa in leek leaf extracts (Fig. IC). This polypeptide is similar in size to the 87-kDa p-CTase 
polypeptide detected in pea (Sasaki et al., 1993; Konishi and Sasaki, 1994), and probably 
represents the leek p-CTase protein. Moreover, the p-CTase protein is present in approximately 
equal amounts in mesophyll and epidermal tissue preparations. 
The leek BCase subunit of the heteromeric ACCase was immunologically detected by a 
similar analysis using antiserum directed against the BCase subunit of Arabidopsis. The 
BCase antiserum detected a 50-kDa polypeptide (Fig. ID), which is similar in size to the 
64 
BCase of tobacco (Shorrosh et ai., 1995) and Arabidopsis (Sun et al., 1996). The BCase 
subunit accumulates to nearly equal levels in both the mesophyll and epidemial tissues of the 
leek leaf. 
Discussion 
Plants contain at least two structurally distinct types of ACCases. The homomeric 
ACCase is a dimeric enzyme consisting of 240-kDa biotin-containing subunits. Genes and 
cDNAs coding from this subunit have been characterized from a number of plant species 
(Shorrosh et al., 1994; Schulte et al., 1994; Roesler et al., 1994; Gomicki et al., 1994; 
Yukihiro et al., 1995). In dicots, these proteins do not have a recognizable chloroplast-
targeting transit peptide, indicating that these ACCases occur in the cytosol of cells. A 
stmcturally distinct ACCase has been found in pea (Sasaki et al., 1993; Konishi and Sasaki, 
1994), Arabidopsis (Choi et al., 1995), and tobacco (Shorrosh et al., 1995). This ACCase 
isozyme has a heteromeric structure composed of four subunits: a biotin-containing subunit of 
about 38-kDa (Choi et al., 1995), a biotin carboxylase subunit (Shorrosh et al., 1995), and 
two carboxyltransferase subunits (Sasaki et al., 1993; Konishi and Sasaki, 1994; Shorrosh et 
al., 1996), one of which is coded by the chloroplast genome. This heteroraeric ACCase is 
located in plastids, and thus generates malonyl-CoA for de novo fatty acid biosynthesis. 
This dicotomy in ACCase suuctures was initially suggested to be associated with 
dicotyledonous species (Sasaki etal., 1993; Konishi and Sasaki, 1994; Alban et al., 1994), 
but more recent data indicate that it may be associated with the non-Gramineae (Konishi et al., 
1996). Several lines of evidence indicate that some monocotyledonous species lack the 
heteromeric ACCase. For example, the chloroplast genomes of the Gramineae, wheat, rice and 
maize do not contain the accD gene (Hiratsuka et al., 1989; Ogiharaet al., 1991; Konishi et al., 
1996). Furthermore, the 35-kDa biodn-containing polypeptide (the BCC subunit of the 
heteromeric ACCase) does not accumulate in maize leaves (Nikolau et al., 1984). Instead, in 
raonocots such as maize, two homomeric isoforras of ACCase appear to accumulate in 
different subcellular compartments (Egli et al., 1993). Maize chloroplasts contain one of the 
homomeric isoforras, called ACCase I, which is sensitive to graminicides and is the product of 
the accA gene (Egli et aL, 1993; Caffrey et aL, 1995). A second homomeric ACCase isoform, 
ACCase n, is not present in isolated chloroplasts and is resistant to graminicides (Egli et al., 
1993). ACCase II may be present in the cytosol of cells and is probably encoded by the accB 
gene (Caffrey et al., 1995). 
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In this study we investigated the tissue distribution of the ACCase isozymes that are 
present in the raonocotyledonous species, leek. We found that, unlike maize, leek contains 
both the heteromeric and horaOraeric types of ACCases. The presence of the homomeric 
ACCase was evidenced by the detection of a 240-kDa biotin-containing polypeptide. The 
presence of the heteromeric ACCase was evidenced by the detection of three of its subunits. 
The accD gene was detected by Southern hybridization analysis of leek DNA with a tobacco 
accD-specific probe. The protein product of the accD gene, p-CTase, was detected by 
immunological westerns with antibodies to the pea p-CTase protein. The BCC subunit was 
detected by western analysis with streptavidin and with antibodies to the Arabidopsis BCC 
subunit (Choi et al., 1995). The BCase subunit was detected by western analysis with 
antibodies to the Arabidopsis BCase subunit (Sun et al., 1996). 
These two ACCase isozymes are differenually distributed between the epidermal and 
raesophyll tissues of the leek leaf. Whereas the three subunits of the heteromeric ACCase were 
found to be nearly equally disuibuted between the epidermal and raesophyll tissues of the leaf, 
the 240-kDa biotin-containing subunit of the horaoraeric ACCase was present almost 
exclusively in the epidermis. Thus, as in pea leaves (Alban et al., 1994), a dicot species, the 
homomeric ACCase accumulates preferentially in the epidermis of the leaves, presumably in 
the cytosol of cells. 
The different tissue distribution of the two ACCase isozymes probably reflects their 
distinct metabolic roles. In leek, the cytosolic homomeric ACCase probably generates 
raalonyl-CoA for metabolic processes that occur preferentially in the cytosol of epidermal cells. 
These metabolic processes include the elongation of 16- and 18- carbon fatty acids to very-long 
chain fatty acids required for the biogenesis of the cuticular waxes. In addition, cytosolic 
malonyl-CoA is a substrate of chalcone synthase, which forras naringenin chalcone, an 
intermediate of flavonoid biosynthesis; in raany species, including A. porrum, this latter 
enzyme is also concentrated in the epidermis (Wierraann, 1981). The heteroraeric ACCase 
generates raalonyl-CoA in plastids for de novo fatty acid biosynthesis. This process occurs 
ubiquitously in all cell types, a fact that is reflected in the nearly equal distribution of the 
heteroraeric ACCase subunits (P-CTase, BCase, and BCC subunits) between the raesophyll 
and epidermal tissues of a leek leaf. The data presented herein arc consistent with a separation 
of secondary from primary metabolic processes that require malonyl-CoA, not only by 
sequestration into separate subcellular corapartraents, but also into separate cellular 
compartments. 
Finally, although the complete quaternary structure of the plastid-localized heteroraeric 
ACCase of plants is undefined, it is clear that this isozyme is unstable and readily dissociates 
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into separate components (Sasaki etal., 1993; Konishi and Sasaki, 1994; Alban et al., 1994). 
It is very likely, therefore, that the in vitro determination of ACXHase activity in extracts 
containing this isozyme are underestimations of the in vivo levels of ACCase activity. It 
follows that most, if not all, earlier attempts to correlate ACCase activity with rates of de novo 
fatty acid biosynthesis are undermined by this previously unknown property of the enzyme. 
To overcome this technical barrier in determining the in vivo levels of ACCase activity, 
additional characterization of the biochemical properties of the heteromeric ACCase is required. 
The presence of the more stable homomeric form of ACCase presents an additional technical 
difficulty in undertaking these studies. Because of the simplicity of obtaining large quantities 
of mesophyll tissue, which contains only the heteromeric form of ACCase, the mesophyll 
tissue of the leek leaf may be an ideal source from which to purify the heteromeric ACCase for 
further characterization of its biochemical, enzymatic, and metabolic properties. 
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Figure 1. Tissue distribution of biotinylated polypeptides and ACCase subunits in leek 
leaves. Panel A: Coomassie-stained SDS-PAGE gel loaded with 30 /ig leek protein per 
lane. Panel B: Autoradiograph of a western blot of a gel identical to that shown in Panel A, 
probed with '^-streptavidin to detect biotin-containing polypeptides. Panel C. 
Autoradiograph of a western blot of a gel identical to that shown in Panel A, probed with p-
CTase antibodies and ^^sj-Protein A. Panel D. Autoradiograph of a western blot of a gel 
identical to that shown in Panel A, probed with BCase antibodies and '^-Protein A. Panel 
E. Autoradiograph of a western blot of a gel identical to that shown in Panel A, probed 
with BCC antibodies and '^si-Protein A. In panels C, D, and E show only the region of 
die blot containing the appropriate protein. Lane T: total leaf extract; lane M: raesophyll 
tissue exttact; lane E; epidermal tissue extract 
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Figure 2. The accD gene in leek. Southern hybridization analysis of leek DNA digested 
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